Purpose Transcriptomic profiling of colorectal cancer (CRC) has led to the identification of four consensus molecular subtypes (CMS1 to 4) that have prognostic value in stage II and III disease. More recently, the Colorectal Cancer Intrinsic Subtypes (CRIS) classification system has helped to define the biology specific to the epithelial component of colorectal tumors; however, the clinical value of these classification systems in the prediction of response to standard-of-care adjuvant chemotherapy remains unknown.
INTRODUCTION
Colorectal cancer (CRC) has the third highest worldwide incidence. 1 Although 75% of patients present with operable disease-mainly stages II and III-approximately 40% experience disease recurrence. 2 Compared with surgery alone, adjuvant chemotherapy improves survival in only approximately 3% of patients with stage II disease, rising to 15% to 20% for those with stage III disease. Overall, there is a clear need for treatment-stratifying biomarkers in patients with stage II and III CRC.
Significant advances have been made in the molecular stratification of CRC, leading to the identification of four consensus molecular subtypes (CMS1 to 4). 3 CMS1 is enriched for microsatellite instability, is immune rich, and correlates with good prognosis, and CMS4 is stromal rich, with high levels of cancer-associated fibroblasts, and has a relatively poor prognosis. CMS3 is defined by the activation of multiple metabolic pathways, potentially as a result of its enrichment for KRAS mutations. 4 The epithelial-rich CMS2 is the largest group, accounting for approximately 40% of all tumors. Although the CMS classification provides valuable prognostic information for early-stage CRC, its usefulness in selecting patients for adjuvant chemotherapy is not clear. [5] [6] [7] In addition, there are wide variations in clinical outcome within each CMS subtype, particularly CMS2; therefore, there is a clear need for refinement of this classification system.
To define the biology that specifically drives neoplastic epithelial cells, the colorectal cancer intrinsic subtypes (CRIS) classification system was developed. 6 Using this approach, five cancer epithelium-specific subtypes (CRIS-A) were identified that, by focusing on tumor epithelium, can potentially identify aspects of neoplastic biology that would be masked by contributions from the tumor microenvironment when using the CMS approach. 8, 9 In this study, we explored the use of CMS and CRIS classifications to predict the response to standard-of-care adjuvant treatment.
PATIENTS AND METHODS

Development of a Multiomics Patient Cohort
Using a combination of transcriptome profiling, next-generation sequencing, and tissue microarray generation, we developed a multiomics stage II and III CRC cohort. This taxonomy cohort was assembled from an initial cohort of 363 patients with stage II and III disease from four European centers. Of these, 188 samples with > 50% tumor content passed quality control and were subjected to RNA and DNA analysis (Appendix).
Transcriptomics
High-quality transcriptomics data were obtained for 156 of the 188 samples (Almac Xcel array; Almac Diagnostics, Craigavon, United Kingdom). Data analysis was performed using the R Statistical Package (version 3.4.1; https:// www.r-project.org/foundation/). All CEL files were loaded into R and processed using the makecdfenv, affy, and limma packages. Residual technical batch effects were corrected using the Combat method (sva package), and data were deposited in the National Center for Biotechnology Information Gene Expression Omnibus repository (GSE103479). The clinicalpathologic details of this cohort are provided in Table 1 .
Data Analysis
GSE39582 10 and GSE14333 11 CRC data sets were downloaded from the National Center for Biotechnology Information Gene Expression Omnibus repository and their respective CEL files uploaded into R. The clinical-pathologic details of these cohorts are provided in Table 1 . Each data set was subjected to CMS and CRIS classification. Kaplan-Meier estimators and Cox proportional hazards regression analysis were assessed using the survival and survminer R packages. Correlations between CMS and CRIS subtypes were assessed using Caleydo plots (Caleydo 3.1.5 software; www.caleydo.org).
Tissue Microarray Construction
Tissue microarrays were generated with nine cores per tumor, incorporating three cores each from central tumor (CT), invasive front (IF) and tumor-adjacent stroma-rich (SR) regions. In addition, where available, three cores of adjacent normal colonic tissue were arrayed.
RESULTS
Molecular Subgroups
We initially assessed the proportion of CMS and CRIS subtypes 3, 6, 12, 13 (Data Supplement) that were present in our in-house multiomics taxonomy cohort (Table 1) and two other independent publicly available cohorts, GSE39582 10 and GSE14333. 11 These analyses revealed similar proportions of each CMS (Mann-Whitney paired t test, P value range .625 to 1.0) and CRIS 
Benefit From Adjuvant Fluorouracil-Based Chemotherapy in CMS
We used Kaplan-Meier analyses to determine the benefit from adjuvant fluorouracil (FU)based chemotherapy in CMS1 to 4. In the taxonomy cohort, compared with patients who were treated with surgery alone, there were nonsignificant trends, particularly in stage III for CMS2 patients who received chemotherapy, for improved overall survival (log-rank test P = .13 and .056 for stage II and III, respectively; Data Supplement II CMS3 subtype; however, this failed to reach significance (log-rank test P = .088; Data Supplement). Of note, no significant benefit from adjuvant chemotherapy was observed in CMS1 or CMS4, although a nonsignificant trend was observed in CMS4 stage III disease (log-rank test P = .089; Data Supplement).
These results suggest that the more epithelial CMS2 and CMS3 subgroups benefit from adjuvant chemotherapy. In support of this, in a combined analysis of CMS2 and CMS3, benefit from adjuvant chemotherapy was significant in both stage II disease (log-rank test P = .0042; HR, 0.16 [Wald test P = .012]; Fig 1C) and stage III disease (log-rank test P < .001; HR, 0.20 [Wald test P = 1.14 × 10 −6 ]; Fig 1D) . In contrast, in a combined analysis of the CMS1 and CMS4 subgroups, no benefit from adjuvant chemotherapy was observed (Data Supplement).
When CMS2 subgroup results for stage II disease were adjusted for T stage (T4 v T3), age, and sex using Cox proportional hazards regression analysis, the significance of the benefit from chemotherapy was lost (HR, 0.31; Wald test P = .121; log likelihood ratio, 7.0 × 10 −5 ; Fig 1E) ; however, in stage III disease, adjusting for T stage (T4 or N2 v T1 to T3/N1), age, and sex, the significance of benefit from chemotherapy in CMS2 was maintained (HR, 0.27; Wald test P = .007; log likelihood P = 3.25 × 10 −5 ; Fig 1F) . In Cox proportional hazards regression analyses of the combined CMS2 and CMS3 subgroups, the significance of benefit from chemotherapy was maintained in stage II disease (HR, 0.23; Wald test P = .049; log likelihood ratio, 2.72 × 10 −5 ; Fig  1G) and stage III disease (HR, 0.21; Wald test P < .001; log likelihood P = 3.19 × 10 −7 ; Fig 1H) .
Clinical Implications of Tumor-Intrinsic Stratification in CMS2
As previously reported, 6 there are limited associations between CMS and CRIS classificationsfor example, CMS4 is distributed relatively evenly between the five CRIS subtypes (Data Supplement); however, some clear patterns were observed, with CMS2 almost exclusively distributed between CRIS-C, -D, and -E (Fig 2A) . Subsequently, we investigated whether substratification of CMS2 into CRIS-C, -D, or -E could identify a more specific subset of patients with stage II and III disease who derive benefit from adjuvant chemotherapy. In the combined taxonomy/GSE39582 cohort, only the CRIS-C subgroup (the largest subgroup of CMS2: 50.2% (n = 110); Fig 2A) Fig 2E) ; furthermore, for combined stage II and III disease, adjusted HR was 0.20 (Wald test P < .001; log likelihood P = 7.5 × 10 −6 ; Data Supplement). These results indicate that CRIS-C classification predicts benefit from adjuvant chemotherapy in both patients with stage II and III disease independently of other clinicopathologic factors.
Immunohistochemical Assessment of CD8 + Tumor-Infiltrating Lymphocytes
Although benefit from adjuvant chemotherapy for CRIS-C patients is clear in stage II and III disease (Figs 2A-2D ), approximately 70% of stage II CRIS-C patients survive with surgery alone ( Fig 2B) . Thus, we sought to define a routine method that could identify high-risk stage II CRIS-C patients who should be administered adjuvant FU-based chemotherapy. Initially, we examined sequencing data from the taxonomy and GSE39582 cohorts. As previously reported, 6 the CRIS-C subgroup is predominantly TP53 mutant and KRAS wild type and almost exclusively BRAF wild type (Data Supplement). In line with this genotype, we also found that the CRIS-C subgroup is associated with left-sided tumors (Fisher's exact test: CRIS-C against all others, P = 6.27 × 10 −10 ; 95% CI, 2.26 to 5.48; odds ratio, 3.48); however, stratifying CRIS-C patients on the basis of either TP53 or KRAS mutational status did not identify CRIS-C patients who were at higher risk of relapse after surgery (data not shown).
Given that patients with stage II and III CRC with high levels of T-cell infiltration have better prognoses, 2 we next assessed whether T-cell infiltration could be used to distinguish between low-and high-risk CRIS-C patients. To account for potential intratumoral heterogeneity of putative biomarkers in specific tumor regions, TMAs were generated from the taxonomy cohort to incorporate three cores each from CT, IF, and tumor-adjacent SR regions. This unique design enables us to assess locoregional variations in biomarker expression. CD8 and CD3 levels were defined using immunohistochemistry, and patients were stratified into high and low groups using the median as cutoff (representative CD8 and CD3 images; Figs 3A and 3B). Of interest, correlations between CD3 and CD8 scores were relatively low ( Fig 3C) . In combined analyses of stage II and III disease, CRIS-C patients whose tumors had high levels of CD8 + lymphocytes in the IF, SR, and CT regions had significantly better overall survival than did those with low levels (log-rank test P = .023, P = .032, and P = .011, respectively; Data Supplement). We further assessed CD8 + lymphocytes in histologically normal tissue adjacent to the tumor and found no difference in survival between high and low CD8 levels (log-rank test P = .72; Data Supplement). Of note, no correlations were found between CD3 + lymphocyte levels and prognosis (IF log-rank test P = .55; SR log-rank test P = .75; CT log-rank test P = .8; normal log-rank test P = .82; Data Supplement).
For each patient, CD8 scores in each tumor subregion correlated closely with one another (P < .001; Data Supplement). We therefore combined CD8 scores from each region where at least two of three cores were present per region-CT, IF, and SR-into an average score per patient. As expected on the basis of correlations for individual regions (Data Supplement), applying this tumor average score to the combined stage II and III taxonomy cohort revealed that high levels of CD8 + lymphocytes identified CRIS-C patients with good prognosis (log-rank P = .0031; HR, 12.18 [Wald test P = .0191]; Fig 4A) . In contrast, average CD3 scores, which again did not correlate closely with average CD8 scores (Fig 3C) , were not prognostic ( Fig 4B) . Of importance, the tumor average CD8 score also robustly risk stratified stage II CRIS-C patients (log-rank P = .018; Fig 4C) . Of note, CD8 mRNA expression was unable to distinguish good and poor prognosis patients (log-rank P = .83; Data Supplement), which indicates the need for immunohistochemistry in combination with transcriptomic profiling for effective prognostication. Thus, CRIS-C patients with high levels of CD8 + lymphocytes have an excellent prognosis, which suggests that these patients do not require adjuvant chemotherapy. In contrast, as less than one half of patients with stage II CRIS-C/CD8 low tumors survive with surgery alone (Fig 4C) , and given the significant benefit of FU-based chemotherapy in the CRIS-C subgroup (Fig 2) , these data suggest that the CRIS-C/CD8 low subgroup should be treated with chemotherapy ( Fig 4D) .
DISCUSSION
More than a decade ago, the seminal paper from Galon et al 14 demonstrated the importance of antitumor immunity in CRC by showing the prognostic value of assessing immune infiltration. More recently, on the basis of gene expression patterns, it was proposed that CRC is composed of four distinct subtypes, called CMS. 3 This classification incorporates gene expression profiles from tumor, stroma, and immune cells.
Recently, an alternative transcriptomics-based classification was proposed that focuses on gene expression exclusively within the tumor cell compartment. This CRIS classification approach maps closely to the tumor's underlying mutations. 6, 15 In this study, we highlight the potential clinical utility of CMS for selecting patients with stage III CRC for adjuvant chemotherapy, with a significant benefit from postsurgery chemotherapy observed in the epithelial-rich CMS2 and CMS3 subgroups-both alone and combinedbut not in the more undifferentiated CMS1 or CMS4 subgroups. 16, 17 We show that additional stratification of CMS2 tumors into CRIS-C, CRIS-D, and CRIS-E identifies CRIS-C and CRIS-D as the subgroups of patients within CMS2 that derive a clear benefit from adjuvant chemotherapy in stage III disease.
In stage II CRC, use of chemotherapy after surgery is still a matter of debate. Therapeutic benefit from adjuvant chemotherapy is modest for this group as a whole, with an absolute improvement in survival of approximately 3%. [18] [19] [20] [21] [22] Currently, additional pathologic characteristics, such as obstruction, perforation, extramural venous invasion, and T stage (T4), are used to identify poor prognostic stage II disease and guide the decision of whether to start chemotherapy treatment. 23 Additional methods of assessing the risk of recurrence in the adjuvant disease setting have been the focus of many studies in recent years, [24] [25] [26] [27] [28] [29] which has led to the development of the 12-gene Oncotype DX assay. 30 This algorithm has been extensively clinically tested [31] [32] [33] and demonstrated to identify patients with stage II disease who are at higher risk of recurrence and patients with stage III disease who are at lower risk of recurrence. 34, 35 Additional signatures have been proposed, including the 18-gene prognostic classifier, known as ColoPrint, 36 and the 634-gene prognostic classifier, known as ColDX. 27 The current study indicates that the transcriptionally definable CMS2/CRIS-C patient subgroup may be the cohort of patients within stage II disease that benefits from standard adjuvant FU-based chemotherapy. Of importance, this benefit was found to be independent of T stage. Moreover, none of the other CRIS subgroups derived significant benefit from adjuvant chemotherapy in the stage II setting.
Subsequently, we found that low levels of tumoral/peritumoral CD8 + lymphoid cells could identify CRIS-C patients with stage II disease (and indeed stage III) who are most at risk for relapse after surgery and who therefore should be administered adjuvant chemotherapy. These data correlate well with our previous study on the prognostic significance of immune-derived programmed death ligand 1 mRNA expression in CRC, in which we postulated that patients with low immune infiltrates would significantly benefit from adjuvant FU-based chemotherapy after surgery. 9, 37 Meta-analysis of the IDEA (International Duration Evaluation of Adjuvant Chemotherapy) collaboration examined whether a 3-month duration of oxaliplatincontaining adjuvant chemotherapy-FOLFOX4, modified FOLFOX6, or XELOX-is as effective as a 6-month schedule in patients with stage III CRC. This study found that the 3-month treatment was almost as effective as the 6-month treatment and reduced the risk of treatmentassociated toxicity, thus concluding that a 3-month treatment would be more beneficial for patients with low-risk (T1 to 3/N1 tumors) stage III disease. 38 Our study suggests that levels of CD8 + lymphocytes could also be used to identify such low-risk patients, at least in the CRIS-C subgroup. Of note, CRIS-C is enriched for mutant TP53 and wild-type KRAS tumors, 6 but neither of these established molecular markers provided additional information with regard to disease outcome within the CRIS-C subgroup.
Collectively, these results provide the first evidence of the predictive value of the now wellestablished CMS and more recently described CRIS transcription-based classification systems. Our results also emphasize the utility of combining CMS and CRIS subtyping in a substratification strategy to maximize clinical benefit from adjuvant FU-based chemotherapy in patients with stage II and III CRC. In addition, CRIS classification, in combination with assessment of CD8 tumor-infiltrating lymphocytes, would potentially enable the prospective identification of the CRIS-C/CD8-low stage II patients who significantly benefit from adjuvant FU-based chemotherapy. However, we recognize that there are a number of limitations in the current study, which was conducted on a relatively small number of retrospective samples that were collected outside of clinical trials, and we realize that this hypothesis-generating study now requires validation in either larger patient cohorts or stratified trial cohorts enriched for the CRIS-C patient subtype. Nonetheless, this study suggests that transcription-based classification systems, such as CMS and CRIS, have the potential to be developed into patient stratification tools and, when used alone or alongside other molecular pathology approaches, such as immunohistochemistry, could enable the selection of patients with CRC who are most likely to benefit from adjuvant chemotherapy, while at the same time sparing nonresponders the potentially harmful treatmentrelated adverse events and sequelae of chemotherapy. Of importance, the CRIS subtyping method uses gene expression from tumor epithelial cells only and is independent of stromal-derived signals; therefore, the CRIS subgroups can be detected irrespective of the profiling technology used or the tissue source. 15 Such robustness and reproducibility are critical for clinical translation.
In conclusion, this study suggests that patients with stage III CRIS-C and stage II CRIS-C/CD8-low disease would benefit from adjuvant FU-based chemotherapy. This now requires additional validation in larger patient cohorts.
